IB kinase 2 (IKK2 or IKK␤) is a component of the IKK complex that coordinates the cellular response to a diverse set of extracellular stimuli, including cytokines, microbial infection, and stress. In response to an external stimulus, the complex is activated, resulting in the phosphorylation and subsequent proteasome-mediated degradation of IB proteins. This event triggers the nuclear import of the NF-B transcription factor, which activates the transcription of genes that regulate a variety of fundamental biological processes, including immune response, cell survival, and development. Here, we define an essential role for IKK2 in normal mitotic progression and the maintenance of spindle bipolarity. Chemical and genetic perturbation of IKK2 promotes the formation of multipolar spindles and chromosome missegregation. Depletion of IKK2 results in the deregulation of Aurora A protein stability and coincident hyperactivation of a putative Aurora A substrate, the mitotic motor KIF11. These data support a function for IKK2 as an antagonist of Aurora A signaling during mitosis. Additionally, our results indicate a direct role for IKK2 in the maintenance of genome stability and underscore the potential for oncogenic consequences in targeting this kinase for therapeutic intervention.
T
he protein kinase IB kinase 2 (IKK2) is associated with a 700-to 900-kDa multiprotein complex in the cytoplasm, which contains additional subunits, including the highly homologous IKK1/␣ (IKK1) and a nonenzymatic regulatory protein IKK␥ (NEMO) (1) (2) (3) . In response to a number of external stimuli, including TNF-␣ and LPS, the complex is activated, resulting in the phosphorylation of IB proteins. The phosphorylated form of IB is recognized and ubiquitinated by the SKP1/Cul1/F-box protein (SCF)-␤-transducin repeat-containing protein (␤TRCP) complex, targeting it for degradation by the proteasome. This event triggers the nuclear import of the NF-B transcription factor, which activates the transcription of genes that regulate a variety of important physiological events (4, 5) . A number of noncanonical activities for NF-B pathway members have also been described. For example, NEMO coordinates a cellular response to genotoxic stress with the ataxia telangiectasia mutated (ATM) kinase independent of the IKK complex (6) . Additionally, IKK1 has been shown to phosphorylate histone H3 and DNA-bound RelA, resulting in enhancement and repression of transcription, respectively (7) (8) (9) . NF-Bindependent activities of IKK include the regulation of keratinocyte differentiation and tumor promotion through inhibition of the oncogenic transcription factor FOXO3a (10, 11) .
Control of mitosis is achieved through the integration of complex signaling pathways, which ensures strict temporal and spatial regulation (12, 13) . Aurora kinase A is a key regulator of several steps in mitosis, including centrosome maturation and bipolar spindle assembly (14) . Activation of Aurora A triggers the phosphorylation of a number of substrates that regulate mitotic progression, including the kinesin-like motor protein KIF11/Eg5, an important component in generating poleward forces for the maintenance of bipolar spindles (15) (16) (17) . In a reciprocal regulatory circuit, Aurora A protein is rapidly degraded in an anaphase-promoting complex (APC/C)-dependent manner at the conclusion of mitosis (18) .
Here, we demonstrate that reduction of IKK2 activity results in the induction of multipolar spindles, accompanied by increased chromosomal segregation defects and cellular transformation. We further demonstrate that these spindle abnormalities result from IKK2-dependent misregulation of Aurora A protein stability and concomitant hyperactivation of KIF11/Eg5. These results define a role for IKK2 in regulation of the metaphase-to-anaphase transition and suggest that inhibition of this kinase promotes genetic instability and oncogenic transformation.
Results
We have previously conducted genomewide siRNA screens to identify proteins required for the proper regulation of cell-cycle progression (unpublished work and ref. 20) . Interestingly, these analyses revealed that a significant number of genes associated with TNF-␣/NF-B signaling, including IKK2, may participate in the transition through the mitotic phase of the cell cycle [supporting information (SI) Figs. 6 and 7] . Specifically, reduction in IKK2 mRNA levels in HeLa cells resulted in a 50% increase of their mitotic index (unpublished work). To further investigate this observation, we transfected siRNA oligonucleotides targeting IKK2 into synchronized HeLa cells. FACS analysis demonstrated that depletion of IKK2 induced an accumulation of cells with 4N DNA content, confirming that the absence of this kinase results in a delayed transition through the cell cycle ( Fig. 1A and SI Fig. 8A ). Although the thymidine block/release procedure triggered a slight activation of the IKK complex, this induction was resolved before the cells transitioned through G 2 /M (SI Fig. 8A ). Because these data indicated that IKK2 reduction may affect the metaphase-toanaphase transition, we sought to determine whether defects in spindle architecture might underlie the observed phenotype. Mitotic spindles were visualized through immunofluorescent labeling of microtubules. Whereas 90-95% of control siRNA-treated cells displayed normal bipolar spindle structures, between 20% and 25% of cells with reduced IKK2 protein levels contained defective spindle morphology ( Fig. 1 B and C) . These structures primarily contained supernumerary spindle poles; however, monopolar spindles were occasionally observed. Additional human cell lines, including U2OS (osteosarcoma) and HCT116 (colorectal carcinoma), also displayed multipolar spindles when transfected with siRNA directed against IKK2 (SI Fig. 8B ). To understand the temporal dynamics of this defect, we created time-lapse movies of spindle organization by tracking GFP-␣-tubulin in IKK2 siRNAtreated HeLa cells. Visual analysis of this image sequence indicated that multipolar spindles in IKK2-deficient cells emerge after the microtubules are sorted into bipolar arrays, thus suggesting that the observed phenotypes are not a result of aberrant centriole duplication in interphase (SI Movie 1). Immortalized mouse embryo fibroblasts (MEFs) harboring targeted deletion of the IKK2 locus (IKK2 Ϫ/Ϫ ) also exhibited significant multipolar, and to a lesser extent monopolar, spindle abnormalities when compared with control wild-type MEFs (SI Fig. 9A ). Additionally, we observed that primary MEFs collected from a fraction (3/4) of IKK2 Ϫ/Ϫ embryos also presented approximately twice the number of multipolar spindles (Ϸ25% of cells) in comparison to their wild-type littermates (Ϸ13% of cells, 4/4 embryos; Fig. 1D ). These observations suggest a hitherto undefined role for IKK2 in bipolar spindle maintenance.
To probe the functional domains of IKK2 required for this activity, we introduced adenoviral particles encoding mutants of IKK2, which inhibit TNF-␣-induced p65 nuclear translocation (SI Fig. 9B ), into HeLa cells ( Fig. 2A) . Expression of a kinase inactive mutant of IKK2 (K-M) promoted the appearance of abnormal spindles, similar to those observed in IKK2-depleted cells (Fig. 2 A  and SI Fig. 9B) . Additionally, the introduction of another dominant negative IKK2 molecule, which harbors mutations in the activation loop (SS-AA), resulted in a similar phenotype (Fig. 2 A) . The overexpression of wild-type IKK2 at levels equivalent to the mutant versions did not induce spindle defects (Fig. 2 A) . We next incubated HeLa cells with [5-(p-f luorophenyl)-2-ureido]thiophene-3-carboxamide, a cell-permeable small-molecule antagonist of IKK2 activity (21) . Inspection of mitotic cells after treatment with this compound demonstrated that the inhibition of IKK2 also results in the induction of aberrant spindle phenotypes in a dose-dependent manner (Fig. 2B) . High concentrations of this inhibitor promoted the formation of multipolar spindles at frequencies significantly greater than those observed by siRNA-mediated knockdown (Fig.  1C vs. Fig. 2B ). This finding may reflect nonspecific inhibition of other kinases at these doses. Additionally, comparatively lower levels of spindle abnormalities in IKK2 siRNA-treated cells may be caused by incomplete depletion of IKK2 protein (SI Fig. 10A ). Taken together, however, we conclude that enzymatic activity of IKK2 contributes to proper cell cycle progression by ensuring the preservation of spindle bipolarity.
Intriguingly, we also found that siRNA molecules targeting the other members of the complex, IKK1 and the regulatory subunit NEMO, induced multipolar spindles in mitotic HeLa cells, albeit at a lower frequency (SI Fig. 8C ). However, cells infected with adenovirus carrying the IB␣ superrepressor molecule (IB␣M), which impaired TNF-␣-induced p65 nuclear accumulation (SI Fig.  9B ), did not display significant alterations of spindle morphology (Fig. 2 A) . These data indicate that, although additional members of the IKK complex also regulate the establishment of spindle bipolarity, the induction of NF-B activity is not required for maintenance of spindle integrity.
Aurora kinase A (STK6, ARK1) is a major regulator of several processes in mitosis, including maintenance of spindle bipolarity. Alterations in Aurora A activity promote spindle abnormalities resembling those observed in IKK2-depleted cells (22) (23) (24) . We therefore assessed whether the IKK and Aurora kinases may be physically associated during mitosis. Aurora A was immunoprecipitated from mitotically enriched cells, and the eluate was probed by Western blot analysis. IKK2, as well as IKK1 and NEMO, coimmunoprecipitated with the Aurora kinase, whereas IB␣, p65, and p52 were not found to interact with this complex (Fig. 3A) . The autocatalytic activity of Aurora A is regulated through interactions with TPX2, another component of the spindle machinery (14, (25) (26) (27) . Each of the IKK complex members was coimmunoprecipitated with TPX2, demonstrating that the IKK proteins are associated with the Aurora-A protein complex in mitotic cells (Fig. 3A) . TPX2 is prevented from binding Aurora A through its interaction with nuclear import receptors importin ␣/␤, which ensures the proper temporal and spatial organization of microtubules into bipolar spindles (28) . RAN-GTP, an activated form of the GTPase Ran, relieves Aurora A inhibition by liberating TPX2, and other spindle assembly factors, from the importin complex (29) . We investigated whether importin ␣/␤ could also regulate IKK2 association with Aurora A. IKK2 was immunoprecipitated from HeLa cell mitotic nuclear extracts and treated with exogenous importin ␣, ␤, ␣/␤, or BSA. We found that coincubation with importin ␣ and ␣/␤ significantly inhibited the interaction between the two kinases, suggesting that the Ran signaling pathway governs Aurora A interaction with IKK2 (Fig. 3B) .
Because we have observed that IKK2 kinase activity is required for maintenance of spindle bipolarity, we investigated whether Aurora A was a potential substrate of IKK2. We coincubated an activated form of IKK2 (SS-EE) with a mutant of Aurora A deficient of autophosphorylation activity (AurA-KD) and subjected them to an in vitro kinase assay in the presence of ␥-P 32 ATP. After separation of the proteins by SDS/PAGE, we detected phosphorylated species by autoradiography (Fig. 3C) . As expected, IKK2 possessed autophosphorylation activity in both the presence and absence of the Aurora A protein, and conversely, the mutant version of Aurora A was not able to autophosphorylate. Importantly, we observed substantial phosphorylation of Aurora A in the presence of activated IKK2, implicating this mitotic kinase as a substrate for IKK2 activity.
During canonical TNF-␣/NF-B signaling, the activated IKK complex phosphorylates IB, which triggers ␤-TRCP-mediated degradation by the proteasome machinery (1, 2) . Because the E3 ligase ␤-TRCP has been previously shown to recognize IKKphosphorylated substrates, we sought to determine whether phosphorylation of Aurora A by IKK2 can result in the association of ␤-TRCP with the mitotic kinase. We cotransfected a dominant negative (F-box deleted) version of ␤-TRCP with Aurora A, in the presence of constitutively active IKK2 or a negative control. Complexes containing Aurora A were purified from the cellular extractions by immunoprecipitation and analyzed by SDS/PAGE and Western blot analysis. After normalizing for equivalent levels of Aurora A protein, evaluation of Aurora A-associated ␤-TRCP levels indicated that expression of kinase active IKK2 strongly promotes the recruitment of the E3 ligase to Aurora A (Fig. 3D) . Furthermore, cotransfection of an activated form of IKK2 (SE) and DN ␤-TRCP resulted in a significant stabilization of the Aurora A protein (Fig. 3E) . Taken together, these results suggest that IKK2 phosphorylation of Aurora A targets it for ␤-TRCP-mediated proteasomal degradation, a mechanism that parallels the IKKdirected targeting of IB during canonical NF-B signaling. Consistent with this model, Western blot analysis of extracts derived from synchronized HeLa cells revealed that the reduction of IKK2 expression induced a sustained elevation in endogenous Aurora A protein levels throughout mitosis (Fig. 4A) , and analysis of Aurora A mRNA levels suggests that this regulation occurs at the posttranscriptional level (SI Fig. 11 ). Furthermore, these cells also showed a commensurate increase of phosphorylated Aurora A (SI Fig. 10B ). These results demonstrate that depletion of IKK2 results in an overall increase of activated Aurora A in mitosis and indicate that IKK2 acts as an antagonist of Aurora A activity.
To determine whether misregulation of Aurora A was sufficient to account for the spindle defects caused by the inhibition of IKK2, we cotransfected siRNAs targeting both IKK2 and Aurora A into cells. Quantification of the multipolar spindle phenotype revealed that depletion of Aurora A measurably reversed the mitotic defects caused by the IKK2 siRNAs (Fig. 4B) . We also blocked Aurora kinase activity by using the small molecule inhibitor VX-680 and assessed spindle abnormalities in IKK2 siRNA-transfected cells (Fig. 4C and ref. 30) . This Aurora kinase inhibitor shows 30-and 8-fold selectivity for Aurora A over Aurora B and Aurora C, respectively. We found that low concentrations (1 nM) of the inhibitor also reduced the occurrence of multipolar spindles in IKK2-deficient cells (Fig. 4C and ref. 30 ) Taken together, these results indicate that the role of IKK2 in bipolar spindle maintenance is, at least partially, mediated by regulation of Aurora A activity.
KIF11/Eg5/KSP is a putative target of Aurora A kinase and has a microtubule plus-end directed motor activity that is required for the assembly of bipolar spindles (15) (16) (17) . We therefore tested whether the absence of IKK2 altered the phosphorylation state of KIF11. Consistent with a role downstream of Aurora and IKK2 mitotic activity, phosphorylation of KIF11 is substantially increased in cells with IKK2 siRNA-induced elevation of Aurora A protein levels (Fig. 4D) . Additionally, we used a small molecule inhibitor of KIF11, monastrol, to determine whether KIF11 activity is required for multipolar spindle formation in cells lacking IKK2. Forty-eight hours after transfection with a siRNA directed against IKK2, cells were treated with low concentrations (25 M) of the KIF11 inhibitor, and then stained to determine spindle architecture. Antagonism of KIF11 in IKK2-depleted cells also reduced the fraction of cells with multipolar spindles to levels comparable to the negative control (Fig. 4E) . These data indicate that KIF11 function is required for multipolar spindle formation in the absence of IKK2 and supports a function for IKK2 as an antagonist of an Aurora A-mediated pathway that regulates bipolar spindle assembly.
Spindle abnormalities caused by inappropriate Aurora A activation are often associated with chromosome segregation defects and aneuploidy (22, 31) . Therefore, we tested whether IKK2 depletion induced chromosomal aberrations in human cell lines. Reduction of IKK2 consistently resulted in a 3-fold increase in the number of micronuclei, an indicator of chromosomal instability, in multiple cell lines (Fig. 5A and ref. 32) . Additionally, treatment of HeLa cells with a small molecule inhibitor to IKK2 also resulted in a significant accumulation of micronuclei, suggesting that spindle defects caused by IKK2 inhibition may lead to chromosomal missegregation events (Fig. 5B) . To ascertain whether sustained reduction of IKK2 promotes a transformed phenotype, we assessed the ability of IKK2-deficient MEFs to induce tumors in nude mice. As expected, s.c. injection of wild-type (IKK2 ϩ/ϩ ) cells did not manifest detectable tumor masses (4/4). However, the introduction of IKK2 Ϫ/Ϫ MEFs into these immunocompromised animals promoted the growth of large tumor nodes (4/4; Fig. 5C ). These data are consistent with a recent report (33) that concludes that IKK2 deficiency promotes cellular migration and growth.
Discussion
A number of studies have putatively identified several other components of the NF-B pathway that are essential for mitotic progression, including IKK, IRAK1, RIPK1, NFKBIA, and MEKK1 (SI Fig. 6 and refs. 34 and 35 ). In addition, we and others have observed that IKK1, IKK2, and NEMO individually associate with protein complexes containing Aurora A, but further analysis is required to determine whether the 700-to 900-kDa IKK signalsome complex is directly regulating bipolar spindle assembly (36) . However, these findings implicate a potential intersection between a significant number of NF-B signaling molecules and critical mitotic events.
Our data specifically indicate an essential role for IKK2 in mitotic spindle function. Mitotic cells depleted of IKK2 activity maintain increased Aurora A levels, and spindle abnormalities in these cells are partially reversed by inhibition of the mitotic kinase. Thus, these results support a model in which IKK2 acts as an antagonist of Aurora A during mitosis. Phosphorylation of Aurora A kinase by IKK2 likely targets it for ␤-TRCP-mediated degradation and serves to maintain appropriate levels of Aurora A activity to assure proper bipolar spindle assembly and mitotic progression. Recent work has suggested that members of the NF-B pathway may serve both upstream and downstream of the mitotic regulator Aurora kinase A (36, 37) . In the case of upstream regulation, it has been suggested that other members of the IKK complex may activate Aurora A activity, whereas our results indicate that IKK2 plays an antagonistic role to the Aurora A-KIF11 signal transduction pathway to maintain mitotic spindle integrity (Fig. 4 and ref. 37) . With respect to a potential downstream regulation of the mitotic kinase by IKKs, it may be possible that IKK and Aurora A kinases play reciprocal regulatory roles in the complex that we and others describe (Fig. 3A  and ref. 36 ).
The NF-B pathway plays both pivotal and apparently paradoxical roles in tumorogenesis. Activating mutations in genes that encode NF-B pathway members have previously been associated with various cancers, including colon cancer, liver cancer, melanoma, leukemias, and lymphomas (38) . These genetic abnormalities include the amplification of c-rel in non-Hodgkin's B cell lymphomas, homozygous deletion of the IB␣ locus in Hodgkin's lymphoma, and the constitutive activation of IKK activity in melanomas and breast cancer (39) . Additionally, the NF-B complex transcriptionally activates tumor-promoting proinflammatory cytokines, which has been shown to play a critical role in inflammation-associated cancers (39) . Deletion of IKK2 in both intestinal epithelial and myeloid tissues reduced tumor formation in a mouse model for colitis-associated tumorigenesis, which can be attributed to the antiapoptotic or proinflammatory roles for the IKK/NFB pathway in each respective cell type (40) . Conversely, IKK signaling can also induce the expression of proapoptotic genes, and inhibition of the pathway has been shown to promote cancer in certain cell types (41, 42) . Selective ablation of the regulatory subunit, NEMO, in mouse hepatocytes leads to increased tumorigenesis through modulation of the apoptotic and oxidative stress responses, most likely caused by chronic induction of cell death, inflammatory response, and compensatory cell proliferation (43) . Furthermore, MEFs derived from IKK2 knockout mice are known to exhibit increased proliferation and migration properties, consistent with a tumor suppressive role (33) . Thus, it is likely this complex relationship between NF-B pathway components and tumor suppression or promotion significantly depends on cellular context and microenvironments.
The present study reveals that the depletion of IKK2 activity in both tumor cell lines and MEFs leads to spindle anomalies that promote chromosome segregation defects, aneuploidy, and transformation. Previous work has shown that immortalized NF-B relA Ϫ/Ϫ MEFs exhibit a transformed phenotype, but transforming ability varied in a cell line-dependent manner (44, 45) . Although we did not detect p53 pathway abnormalities in the IKK2 Ϫ/Ϫ MEFs used for the in vivo tumorigenesis studies described here (Fig. 5C and data not shown), a subpopulation of these MEFS likely acquired additional genetic or epigenetic alterations, either in vitro or in vivo, to promote the transformed phenotype. Identification of these cooperative mutations will provide further insight into the role of IKK2 as a tumor suppressor.
In addition to the established tumor-promoting and tumorsuppressive roles of IKK2 via modulation of apoptosis, proliferation, and the inflammatory response through NF-B regulation, these results suggest a more direct role for IKK2 in tumor suppression via maintenance of genome integrity. Importantly, the spindle abnormalities described here are not likely the result of aberrant NF-B transcriptional activation, because expression of a hyperinhibitory IB␣ molecule did not affect spindle organization (Fig.  2 A) . Taken together, our data indicate that molecular components that modulate NF-B function during interphase may also collectively regulate mitotic progression through mechanisms that are distinct from their canonical signaling activities. Inhibitors of NF-B pathway signaling are used for a variety of autoimmune and inflammatory disorders, and several inhibitors of IKK activity are currently in development (19) . The effects of IKK2 inhibition on spindle bipolarity, chromosomal stability, and cellular transformation underscore potential pitfalls in targeting members of this fundamental molecular pathway for therapeutic intervention.
Materials and Methods
Cell Culture. Synchronous cultures were obtained by incubating cells for 15 h in 2 mM thymidine starting at 24 h posttransfection, followed by a 10-h incubation in normal medium and a second 15-h block with 2 mM thymidine. HeLa and MEF cells were grown in DMEM plus 10% FBS; U2OS and Hct116 cells were grown in McCoys's plus 10% FBS. TNF stimulations were performed by adding TNF-␣ (10 ng/ml) to the culture for 15 min at 37°C. Spindle Morphology and Micronuclei Assays. Cells were fixed in PBS containing 0.3% Triton X-100, 1% paraformaldehyde, 0.2% glutaraldehyde, and 100 nM Taxol for 20 min, followed by several PBS washes. Cells were incubated with primary antibodies recognizing ␣-tubulin and ␥-tubulin (F2168 and T3559; Sigma, St. Louis, MO) in PBS containing 0.3% Triton X-100, and 5% BSA overnight, followed by PBS washes and incubation with secondary antibody (A11036; Molecular Probes, Carlsbad, CA). DNA was stained with Hoechst 33342, and cells were viewed on an Eclipse TE-2000-U microscope (Nikon, Tokyo). Spindles were scored as multipolar if they contained extraneous ␣-tubulin projections and/or more than two foci of ␥-tubulin staining. A minimum of 100 cells was counted for each replicate. Micronuclei were scored as clear foci of Hoechst staining of subnuclear size associated with a normal nucleus. Treatment with VX-680 (gift of Nathanael Gray, Harvard Medical School, Boston, MA) and Monastrol (M8515; Sigma) was as described. All scores depict the mean value (Ϯ1 SD) of at least three independent experiments. Kinase Assays. One hundred-fifty nanograms of of bacterially expressed, constitutively active IKK2 (SSEE), 500 ng of bacterially expressed kinase-inactive AurkA KD (D274A), or both were incubated with 2.5 M ATP and 0.5 Ci ␥[
32 P]ATP for 30 min at 30C, followed by addition of sample buffer and SDS/PAGE.
Mouse Experiments. IKK2
Ϫ/Ϫ and wild-type littermate control MEFs at passage six postisolation were trypsinized to single cell suspensions of Ϸ3 ϫ 10 5 in PBS, s.c. injected into nude mice, and assessed for tumor formation 4 weeks postinjection. Each experiment was repeated at least four times.
